Partial Rotatory Powers.-Recent experimental data on the circular dichroism spectra of a planar, cyclic, model compound, L-5-methyl pyrrolid-2-one," 2 and on the vacuum ultraviolet-absorption spectra of poly-L-alanine,3 as well as recent theoretical work on the spectra of simple amides4 and polypeptides,5 indicate that there is much to be clarified before a truly satisfactory theory of optical rotation of polypeptides can be developed. Specifically, it has been found that L-5-methyl pyrrolid-2-one in hexane exhibits a circular dichroism pattern which markedly resembles that pattern previously assumed to be unique to the a-helix;" 2 the vacuum ultraviolet-absorption spectra of poly-L-alanine contain a relatively intense transition near 165 m1A which is not present at such intensity in the monomer' and which is predicted theoretically5' 6 but which has not yet been considered in theoretical calculations of optical activity of polypeptides; all electron calculations on the amide chromophore indicate the presence of a mystery band, possibly an n-o* transition, near 200 msA,4 which has not previously been considered; and, in general, the number and assignments of transitions at wavelengths less than 200 mgu, which are important in giving rise to the observed rotatory properties of the peptide groups, are far from being understood.7
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Because of these difficulties with the peptide chromophore, as well as a realization of the multiplicity of terms8-"1 contributing to optical activity, an empirical approach has recently been proposed' that will be applied to polypeptides and proteins in this and subsequent communications. The approach finds its application primarily to transitions with large magnetic dipole moments and small electric dipole moments such as the n-7r* transition, though it can be shown to encompass a substantial part of the optical activity of strong electric transitions. In this approach the mean rotational strength of an n-7r* transition, for example, may be expressed as the sum of products of geometric factors, Gum, and quantities called partial molar rotatory powers, [Pnm] , i.e.,
(1) N n=1 k I m The initial summation is over the chromophores in a molecule which contain the transition; the second summation is over the various vicinal groups; the third sums over identical vicinal groups; and the fourth allows that the physical properties of a perturbing group which give rise to rotational strength may have different geometric factors, i.e., angular and distance dependencies, and that there may be terms of opposing sign and different distance dependence.
The above expression also allows that a vicinal group in one environment may contribute differently to the rotational strength of a given transition in a chromo-phore than the same vicinal group in a different environment; however, the expression will derive its utility from the assumption that one can solve for the partial molar rotatory power of a vicinal group using simple model systems and apply those values to more complex molecules. In such an empirical approach the expression is made only as complex as dictated by the system under study, after which the major concern becomes one of determining the proper geometric factors. In general, application of this approach to conformation of poly-Lalanine requires partial molar rotatory powers for fl-CH3, a-CH, and CONH vicinal groups. Data on L-5-methyl pyrrolid-2-one (I) and on L-3-methyl-2,5- Obtaining reliable experimental determination of rotational strengths necessitated careful solvent studies (particularly in the case of methyl diketopiperazine) in order to separate the n-7r* band from the overlapping and oppositely signed 7r-7r* band. For L-5-methyl pyrrolid-2-one the rotational strength is written (2) and
is the expression for L-3-methyl-2,5-diketopiperazine. Using the experimental values for the rotational strengths and the known geometries of the two model compounds, [P'(CH3)] and [P2(CH3) ] could be calculated by an iterative procedure for assumed geometric factors. Table 1 gives four possible combinations.
Equations (2) and (3) are not strictly correct as they neglect the opposing hydrogen at position 5 of the pyrrolidone (I) and at position 3 of the diketopiperazine. However, the same relationship of methyl and opposing hydrogen exists in the copper chelate and in the fully extended chain" of poly-L-alanine such that application to these systems is quite rigorous. Fully Extended Chain.-In this structure all the atoms of the polypeptide backbone are in the same plane. Consequently, only the substituents of the acarbon contribute to the rotational strength of the peptide norX* transition. The partial molar rotatory powers obtained from the model compounds I and II, and contained in Table 1 , are uniquely suited for calculating the rotational strength of the fully extended chain. The conformation of the fully extended chain and the residue numbering is given in structure III. trifluoroethanol-1 per cent trifluoroacetic acid.'" In view of the large charge repulsion energies between side chains and the magnitude of the observed positive rotational strength, which correlates well with the calculated value for poly-Lalanine, it was proposed that under these conditions the conformation of poly-Lhistidine approaches that of the fully extended chain.
The Antiparallel ,8-Pleated Sheet. Once the 4l and 0 angles'4 are nonzero both the a carbon and peptide moieties become perturbing vicinal groups in addition to the already considered 13 carbon. At this stage we will treat the aCH group as a CH3 moiety, recognizing that there are two counteracting differences; one is the absence of two hydrogens, which will likely decrease the magnitude of its contribution, and the other is the decrease in electronegativity (due to inductive withdrawal of electrons by the adjacent peptide moieties), which would increase the magnitude of its contribution. The partial molar rotatory powers for the amide group are given in Table 4 for the assumed geometric factors. The atomic coordinates for f-poly-L-alanine, which were used for the present calculations, are the refined values recently reported by Arnott et al."6 After the required translations placed the center of the coordinate system on the nth peptide oxygen, the following transformation matrix was calculated to orient the axes relative to the peptide unit as indicated in structure III. As with the simpler model systems, the peptide vicinal group was treated as a single point at the center of mass. The nomenclature is the same as indicated in structure III with the additional feature that associating chains in the + and -z direction are labeled n' and n", respectively. The calculated rotational strength contributions for the four combinations of geometric factors and partial molar rotatory powers and for each vicinal moiety are given in Table 5 . Using the data of Sarkar and Doty'7 and of Townend et al.,'8 a rotational strength of -15 to -20 X 10-40 may be approximated for the long wavelength band of the # structure of poly-L-lysine. An RnT,* = -51.9 X 10-40 is calculated for the antiparallel pleated #3 structure of poly-L-alanine when a quadrant rule and r-5, r-3 distance dependencies are used (Table 5 ) and an essentially infinite sheet is considered. However, the latter would not be soluble and if one considers two chains of ten residues in length, then a value of -15.4 X 10-40 is obtained (Table 6 ). An octant rule and r-5, r-3 distance dependencies give a value of 2.9 X 10-40, and should the a-CH group carry a net positive charge due to inductive electron withdrawal toward the neighboring peptides, the -9.2 X 10-40 calculated for this moiety would increase in magnitude yielding an ap- preciable negative rotational strength. A feature which has been neglected is that of an effective dielectric constant. Consideration of an attenuating effect due to atoms interposed between the peptide oxygen and the perturbing group being calculated would markedly reduce the -51.9 X 10-40 for the sheet and would give calculated values approaching the experimental result for structures considerably larger than the 2 X 10 cross i. The assumption that the crystal structure is applicable to solutions is one which must be critically considered, particularly in the case of the ,3 structure of poly-L-alanine. The structure is produced by stretching and pressing polypeptide filaments."6 This procedure could give rise to atypical interchain interactions. The hydrogen bonds are not linear but are at an angle of 1550.19 Shifting the coordinates of the associating chain (n') to achieve more linear hydrogen bonds increases the negative contribution of the methyl group and decreases the positive aCH contribution in the octant calculation causing the octant, r-5, r-3 values to approach the experimental result for solutions.
While none of the systems yet examined provide conclusive determination of the geometric factors, it should be noted that the quadrant, r-5, r-3 combination satisfactorily gives the values for the glycyl-L-alanyl-glycinate Cu(IJ) complex and for the (2 X 10) antiparallel 13-pleated sheet-should that approximate the conformation of poly-L-lysine. Preliminary calculations on the a-helix con this question. Quadrant, r-5, r-3 geometric factors also satisfactorily describe the a-helix. Regardless of the geometric factor used, but particularly for a quadrant rule, chain length effects are to be expected. Another point which should be made is that in this empirical approach additional refinement will be included only as required to describe model systems. One may, however, expect that the different physical properties which contribute to the rotational strength have different geometric factors and that we are presently achieving a gross averaging of these contributions. Work is in progress to systematically delineate various physical properties.
Summary.-An empirical approach to the determination of conformation based on optical activity of complex molecules is proposed which is particularly suited for n-7r* transitions. The rotational strength of magnetic transitions is considered to be the sum of products of geometric factors and partial molar rotatory powers. The partial molar rotatory powers are calculated for a specific vicinal group from simple model compounds of known conformation and for a given set of assumed geometric factors. The acceptable combinations of geometric factors are determined by application to more complex molecules.
Partial molar rotatory powers are reported for the methyl and amide vicinal groups using the planar model compounds L-5-methyl pyrrolid-2-one, L-3-methyl-2,5-diketopiperazine, L-pyrrolid-2-one-5-carboxylic acid amide, and L-2,5-diketopiperazine-3-acetamide. These values are used to calculate the rotational strength of the n-wr* transition for the fully extended chain and ,3-conformations of poly-L-alanine. The calculated rotational strength for the fully extended chain of poly-L-alanine is 20-25 X 10-40. This value exhibits little dependence on the chosen geometric factors as long as the same angular dependence is used for two required terms. A quadrant rule and r-5, r-3 distance dependencies yielded a value for the rotational strength of the antiparallel ,8-pleated sheet (2 X 10) of -15.4 X 10-40. This agrees satisfactorily with the reported data on the ,8-structure of poly-L-lysine. By these calculations as the sheet becomes larger the rotational strength becomes more negative. In general, once the partial molar rotatory powers are obtained for a given vicinal moiety, such as a methyl group, and the proper geometric factors determined, it should be possible to approximate the contribution of that moiety whatever its location relative to the chromophore concerned.
